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Technical Aspects of the MTLRS#1 Upgrade
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Abstract. In this paper a conception for the upgrade of the Modular, Transportable
Laser Ranging System MTLRS#1 is presented. The technical changes in the transmit-
ting system, receiving system and some subsystems, which are necessary to increase the
accuracy of the results and the reliability and automation of the svstem are shown.

1. Introduction

The Modular Transportable Laser Ranging Systemn MTLRS#1 has operated successfully sinee
1984, Since 1985 the system has been in operation in the Central and Fastern Mediterranean area
and in the U.S A contributing to the WEGENER-MEDLAS and the NASA Crustal Dynumies
Project.

In order to improve the ranging accuracy and the systern reliability it has been decided 1o
perform a major system upgrade in 1891, For that time improvements are being planned for the
following elements:

e Transmitting system
- laser
- start dipde
- cooling systemn
o Receiving system
- new photoe-muitiplier
o Other subsystems
- CCD camera

- weather station with automatic readout

2. The transmitter
2.1, The [azer

The duration and the energy of the emitted laser pulses are eritical elements in the determination
of the accuracy and the nuinber of returns produced by the satellite laser rapgmg system . The
temporal pulse-width linits the aceuracy of the time interval measurement and the output energy
influences the strength of the return signal. To improve these most important characteristics. the
ariginal NdUYAP laser with a 370 ps pulse width will be replaced by a Nd:YAG System with 30 DS
puises.

Currently two Jasers appear to be able to meet this specification:

The first alternative is an actively/passively mode-locked cavity dumped system. A detailed
comparison of this system with its forerunner is given in Table 1 and the optical arrangement is
showirin Fig. 1. The pulse is amplified (one single pass and one double pass amphfier) 1o increase
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the energy to about 80 mJ at 1064 nm. The second amplifier is followed by a high efficiency second

harmonic generator {SHG) to obtain a 30 mJ pulse at 532 am. Expanding telescopes are used 1o
reduce the risk of damage of the optical components. The two frequencies are separated through
a dichroic mirror, only the green light would be used for tracking.

Several special features are included to facilitate remote control and adjustment of the laser:

o calibrated photodiodes to determine the dumping efficiency, the hght amplification and the
conversion rate of the SHQG.

¢ motor controls to adjust selected optical elements without opening the laser and a CCD
camera to monitor the spatial puise shape of the green light.

¢ a 1 psec accuracy monitor to control the quality of the mode-ioeking, which is in 1usn
governed by the modulation of the active mode-locker and the dye quality of the passive
mode-focker. To achieve this accuracy a small part (about 1 %} of the pulse is split into 1wo
components. These two pulses are overlapped under a small angle in 4 non-linear crusi:
The spatial shape of the cutput from this crystal is finally detected in a diode array to g
the information on the pulse duration,

Alternatively, a new laser system - the self filtering unstable resonator (SFURY described by R,
Bianchi et al and by K. Hamal et al - is now available and there Js some considerable chiance that
this design wil finally be selected for MTLRS#1. With this very simple optical lay-out (Tigure la;
single pulses can be generated which meet the ranging specifications stated earlier. The advantages
of this laser design are:

o very few optical and electronic components:

* no active maode-locking:

* 10 active cavity dumping or pulse selection:

o high stability and insensitivity to inaccurate adjustient,

o very good spatial pulse shape.

2.2 The start diode

To take full advantage of the short taser pulse 1t 1s necessary to use a start diode with a very fas
rise-time to generate the start signal for the time interval counter. The HP 2082-42067 with a rise-
timie of 150 - 300 ps will therefore be exchanged for a diode with a 25 ps rise-time. Furthernore
to introduce high stability and the possibility to vary the pulse energy during tracking, the start
divde will be placed hefore the last amplifier to detect the infra-red signal. Currently the diode
detects the green light after Lhe SHG

2.3 The cooling system

A significant factor contributing 1o the stability of the output of the current laser arises from
the fact that the actual laser svstem (optical elenzents and laser housing) is temperature stabiljsed.
However, this has so Tar been achieved by using some proportien of the cooling capacity of the aly
conditioner for the cabin to cool the water for the laser. This has some obvious disadvantages:

o the laser can no longer be cooled if the air conditioner breaks down {this occurs at least
OnRCe per year):

o Lhe long heat-sheathed water tubes connecting the cabin and the laser {which s mounted
on the base of the telescope mount) are continuously exposed to the sun, This resuits in
mevitable heating of the cooling water and adds further to the load on the anr conditioner;

o the capacity of the water reservoir required for this configuration is very large (200 by



To improve this situation an independent air-cooled refrigerated recirculator will be added  This
change will significantly reduce both the capacity of the water reservoir (about 30 1 will suflice)
and the leugth of the cooling tubes, thereby adding further to the overall system reliability

3. The receiver

Fig. 3 shows the current configuration of the receiver. Two modifications are necessary. A major

improvement in the accuracy of the time interval measurement will result from the exchange of the
RCA 8850 photo-multiplier tube (PMT} and the Ortec 934 constant fraction discriminator (CF D)
for a better single photo- electron detection package. For this two options are available:

e a micro-channel plate {MCP) plhioto-multiplier coupled with a Tennelec TC 454 CFD;

e an avalanche diode.

The MCP has a significantly faster rise-time than the present PMT {300 ps compared to 3 ns)
and, together with the new CFD, less jitter. To compensate for multiple photon events a received
energy detector developed at OSG Kootwijk would also be included in the total package. This
solution is comparable to that in use in most of the high accuracy systems currently in operation,
but it requires careful tuning.

The avalanche diode has a very steep rise-time {about 100 ps} and a pulse shape and amplitude

which is independent of the received energy level, The disadvantages here are that the diode needs
to be cooled te —=30°C and it requires a gating pulse with a very low time jitter

A further improvement in the receiving system would be possible if the correcting reflectors in
the current receiver. which are used to reduce the 100 mm top-top range differences indueced by
the received signal impinging at different positions along the Echele monochromator surlace. ure
replaced by a s

coud Echele grating used in the opposite configuration.

4. Other subsystems
4.1 The image intensified CCD camera

To improve and speed up the adjustment procedures on the telescope an image intensified CCD
camera will replace the former eyepicee (sec left side of Figure 4). The eyepiece is currently used
for two purposes:

» to perform star observations for the orientation of telescope:

s in conjunction with the He-Ne alignment laser, to adjust the Coude path and to check the
orthogonality of the azimuth and elevation axes.

Both operations are presently possible with an accuracy of approx. +/- 4 arcsec. The use of the
camera will improve this figure to about +/- 1 aresec. This will result in improved acquisition.
tracking and higher return rates.

A further advantage of this camera (Proxitronic PC-LL 2502) is, that it will make LAGFEOS
visible through the telescope. This offers additional control possibilities in the event of eventual
sub-system fatlure.
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4.2 The meteorological station
fu

'To obtain reliable meteorological information across the entire pass the current station. which
requires manual registration of the data before and after the pass, with linear interpclation betweer;
will be replaced by an automatic read-out and registration. A block diagramme showing the
modifications Is given in Figure 5.

With this technique the pressure is registered at the telescope at the level of the horizonial axis
with an accuracy of +/- .15 mb; temperature and humidity are recorded at an altitude of 12 1w
above ground with a read-out accuracy of 4+/-0.15 K and +/-1.5 %. The control functions are
performed by a Compaq SLT 286 laptop computer and the data is recorded discretely throughout
the pass. The software supports the operator by providing a tracking protocol reguiring little
supplementary information.

4.3 Software

Only minor changes are currently being planned for the MTLRS#1 software. These include
maodifications to facilitate:

o tracking of Ajisal (already implemented);

o tracking of LAGEOS I, LAGEOS 1% Fralen 1,2,

e implementation of software recording the read-out from the received energy detector;

& onesite computation of normal points tn the field.
5. Summary

The systermn up-grade for MTLRS#1 is planned to be comupieted by mid summer {July) 1991 It

will resule in & system with the following muodified specifications:

o 30 ps pulse-widtl with 30 mJ /pulse at 532 am:

s start pulse 10 the time interval counter fron a diode with a 25 P8 rise-time;

o A dugh quantum efficiency detector witl a rise-time of 100 - 300 ps:

o high accuracy system orientation using an image intensified CCD camera:

¢ high resolution meteorological data 1o reduce the uneertainties of tropospheric refraction:

o improved tracking and performance monitoring software.

As a result of these modifications the systen will be capable of tracking high and low satellites
with a single shot roms. of +/- 1 em or better,
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Laser Specifications

Old Laser New Laser
_ Kristalloptik YL1438 Baasel Lasertechnik

ACTIVE MEDIUM ND:YAP ND:YAG
WAVELENGTH "~ 539 nm . 532 nm
PULSE DURATION 370 ps 30 ps
MODE-LOCKING active active-passive
PULSE ENERGY 8 mJ at 5639 nm 30 mJ at 532 nm
REPETITION RATE 1,2,5,10 Hz , ext. 1,2,5,10 Mz , ext.
DIVERGENCE - < 2 mrad ¢« 2 mrad

Table 1: Specifications of the MTLRS#1 Lasers
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Fig. 1: Optical set-up of the new MTLRS#1 Laser
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Fig. 1 a: Optical configuration of a8 modified SFUR Laser
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Automatic Me teorO/ogica/ System
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Tracking Protocol

SPECIFICATIONS
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Parosclentific Driesen+«Karn
T80 18A _ Squirrel Datalogger
0.16 mb 0.16 K 1.6 %
Rs232 R8232

Quasi-continous record of the meteorological data during
tracking

Computer alded production of the tracking protocol

Fig. 5: Block diagrsm of the automatic
meteorological system '



MTLRS-2 UPGRADE
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Tel: 05765-341
Fax: 05769~-344

ABSTRACT

The MTLRS-2 upgrade of 1988 and for 1991 will be presented in this paper.
Last years upgrade consisted of a signal strength measurement device which
was added to the receiver system. Also we tried to add in 1988/83 a MCP-tube
together with a switchable mirror box for switching between the PMT-and MCP-
tube. The design aim was to use the MCP without loosing our internal calibration
facility. Because of technical difficulties we had to switch back to the PMT and
continued the MEDLAS-campagne in March 1989. The last part of this paper
describes our upgrade for 1991 concerning the MCP (or solid—-state detector)
and Transputer realtime controi.

DETECTOR SIGNAL STRENGTH

In FIG 1 the block diagram is drawn; most of the units are straignt forward,
the 2249 Single Gate unit from Le Croy needs separate gate and start signals
which are generated by the gating circuit. This gating circuit consists of some
ECL chips:2x 10118, 10124, 10104, 10135, 3 transistors BSX-20 for driving 50 ohm
coax lines and 3x LM 723 for generating power supplies of +1.0 Volt, -2.0 volt
and -6.2 Volt. The circuit is built in a CAMAC module. Also a small modification
was made to the Le Croy 2249 SG for extending the time between any two gates
which originally was set to 2 microsec. If you will measure also the start signal
strength you need about 70 ms beiween the two gates for LAGEOS ranges. We
modified the monostable capacitor of the TDh8602 from 10 nf to 12 microfarad.
At the moment the unit is working very well but could not be calibrated so far
because of the recent difficulties with our system in Italy and Greece.

MTLRS-2 ITT F4129-F MCP-Integration

delay box is connected which is not drawn. The total set was tuned at Bendix

laboratory under computer controi for optimal performance and linearity of the
CFD.
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For internal calibration the signal A (EIG 2 and 3) is coming from inside the
laser. Our laser is of the active/active type.

We need to gate the MCP 250 ns (a practical value determend by 8Bendix) before
the return lightpuise arrives at the cathode of the MCP, because the output
of the MCP gives a noise pulse due to the 600 V switching of the gate.

The cause of this noise pulse is the parasitic capacitance between the gate
electrode and the cutput-anode. See the timing diagram in FIG 4.

We saw this noise pulse (with more amplitude than the return) at our Tektronix
Digitizer and for our typical MCP this was about 200 ns before the output noise
puise decreased to 10%.

without any modifications inside the laser the time-delay value between the
signal at point A (EIG 3) and the moment the laser puls is generated at the laser
output is for our laser about 100 ns.

The blockdiagram in EIG 3 shows the delay counter in ECL logic and we have
to investigate if we can increase the existing counter delay vaiue of 160 ns
with an extra 150 ns to obtain a signal at point A which is 250 ns before the
light-start pulse appears at the ocutput of the laser.

If we cannot change this delay counter due to maifunction of the laser, we have
to try a second IR-dicde with more sensitivity so that it switches 150 ns eariier
than the normal IR-diode.

We aiso tried laser-oscillator flashtube detection together with a monostable
multivibrator for triggering the gate of the MCP but found it not reliabie due
to too much jitter.

The 8TOP-CFD has to be gated after the noise pulse but of course just before
the return pulse.

For use of the MCP with external target calibration the gating is less
complicated: the trigger for the MCP-gate and the STOP~CFD gate is generated
by the normal START-detector in use and tapped (and delayed) from the output
of the START~CFD.

We may state here, that it depends very much on the construction of the laser
if we can use the MCP fogether with internal/simultaneous calibration.

At the beginning of 1989 we could not manage to solve this problem in time
before the MEDLAS~-campagne continued again and we had to switch back to the

PMT-option and the system left Kootwijk in March 1989 for transport to Italy
and Greece.

We also consider to use an Avalanche diode in our detection package but we
then have to modify our Echelle Monochromator because this produces an image
at the cathode of at best 1 mm diameter {(private communication ir. H. Visser/
TPD~-Delft). The Avalanche dicde requires a limited area in the order of 100

microns diameter. The gating we expect will be much easier compared with the
MCP.

REAL TIME TRANSPUTER CONTROL

From the beginning of 1990 our group will start with a new design of the
electronics for controlling our totai system. The main design will be made by

time process (gee FIG 5 and 6). Other goals are: real time screening, automatic
quick-fook generation, multi-leaving of satellites and self diagnostic capability.
To control these tasks one needs a flexible and powerful microcomputer.
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Laser MCP-delay modification
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PHILOSOPHY
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For the new design we will use Transputers which are flexible through their
links and powerful through their high instruction rate per second. The serial-
link-speed between each two Transputer-iinks is max 20 Mbits/s in both
directions (one direction at a time). The T-800, T-414 and T-222 Transputers
are 32~ and 16 bit units which can do Multitasking and Parallei-processing.
At the end of 1889 a Transputer-development system was acquired, including
software for use in a PC-80286-AT consisting of 3 full lengths slot boards each
mounted on a PC-AT BUS-adapter. The Software language will be Parallel-C.
Each Transputer will boot-up from the harddisk (see FIG 7) through their links,
which means that we use no firmware in the total system.

As we see it now the final system will consist of a HOST-PC (from which the
real time ranging will be controlled), with one or two Transputer PC-slot-boards
for the overall control of the entire system.

In our observatory we will design a few different link-to-paralle! interfaces,
each build with a T-222 Transputer, which connect the remaining hardware
through links to the Transputer boards inside the HOST-PC. We expect to run
the T-222 link~to-parallel interfaces only from internal RAM-CASH of 4K so that
no external RAM will be used.

Transputer Interconnection

Link-to parallal interface

HOST-PC~AT L2
e VEEE/RS~232 H

T-222 A

T-800 LK 1 R

T-414 > )

4K W

\{/ BOOT-uP \|/ CASH A

SOFTWARE L3 R

E

T »

OPTICAL FIBRE
TO REMOTE IDEH
TELESCOPE AND
LASER
IDEM
LINK TO
PARALLEL
INTERFACE
T-222 - IDEM
- 4K
CASH o




T 800 TRANSPUTER

FLOATING POINT PROCESSOR UNIT (64 bit)
MAIN
PROCESSOR
4 Kbytes 32 BIT
RAMN
CASH
32 bit internal bus
hvesred LI N K 1 o <oen 20 Wb/
EXTERNAL —'———-ﬂl CTL
MEMORY
INTERFACE
—tyc [
LINK 2 .
ﬁ
mJ L INK 3 b ¢ s
wmmmt r——d EVENT INPUT —_—I
m"’“‘"-l LINK 4 e > o
ﬂ
5§ MHz——t=>~-ACLOCK-GENER. |—> 20 MHz

1} Typ interrupt LATENCY in sub micro-seconds

2)  Instruction throughput 10 MIPS (1.5 MFLOPS)

3)  LINKspeed bidirectional max 20 Mbits/s for each link
4)  Software support: OCCAM, C, PASCAL and FORTRAN

5) BOOTS from communication LINK or ROM

§) Pin compatible with T 414

7} Single 5V power supply

8) Internal timers for real time processing

9)  32-Bit design

CONCLUSION

As soon as we have calibrated our detector-signal strengths unit and

real time control system based on the Transputer will take a lot of man power.

During 1991 we expect to impiement these three items.
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TELESCOPE FOR SATELLITE LASER RANGING TRANSPORTABLE STATIONS

M. Fibbi, A. Mariani

Officine Galileo S.p.A.

Space and Optics Division

via Albert Einstein 35%

50013 Campi Bisenzio, Florence (Italy)

Telephone (39} 55 89501
Telex 570126 GALILE-I

ABSTRACT

A telescope design for Satellite Laser Ranging station, was
developed by Officine Galileo, under Italian Space Agency (ASI)
contract, for a transportable station (managed by CISE SpA) that,
firstly, will operate at the Space Geodesy Center of Matera
{Italy).

In the present paper the main features of the design are
discussed. Mechanical, optical and servo-system aspects concur
in the development of the design. The Telescope characteristics
and a summary about the technical choices, the analyses and the
final results of the design, are illustrated.
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Introduction

In the last years the Satellite Laser Ranging (SLR) metodology
has reached a primary position for the geodetical measurement
thanks to the very high accuracy that can be obtained with the
progress in lasers, electronics and optics.

In the new SLR station an optical telescope powered on two
axis {(elevation and azimuth) is used as beam-expander for the
laser beam and as receiver for the return radiation from the
satellite.

The mechanical, optical and servo-system performances of the
telescope are therefore very important in performing the
geodetical measure.

In this context, could be very interesting to carry out a SLR
transportable station, so that geodetical measurement could be
performed 1in points otherwise not accessible for this kind of
technique.

1. GENERAL DESCRIPTION

The telescope system for SLR has three principal function: a)
beam expander for the laser of the station (532 nm; 50 mJ;100
ps;10 Hz); b} receiver of the return radiation from the
satellite; ¢c) pointer and tracker of the satellite taken as
reference of the measurement.

The system in object consists of a very stiff aluminium
mechanical stru~ture that supports the optical components and
assures the precision pointing requirements. The structure has
two degree of freedom: elevation (+- 110 deg) and azimuth (540
deg).

The principal optics of the telescope is utilized both for the
laser shot (as beam expander) and to receive the return radiation
from the satellite.

The telescope is in afocal configuration and is provided of a
Coude' path that allows the optical interfacing with the other
optical components of the station. The primary mirror has a
diameter of 400 mm and is made in pure aluminium, both to
minimize the effects of the thermal expansion in the range of -
20 + 50 °C and for optical stability. Furthermore the
instrument is provided of a parallel finder telescope.

Each of the two rotation axis of the mechanical structure are
powered by mean of a brushless motor (pancake type) that lead
directly the rotation axis without any gear reductions. Each
motor works in c¢lose loop with two angular position detectors in
order to assure the dinamic and static precision requirements.

1.1 General Characteristics

In the following paragraphs the general characteristics and
performances are shown.
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Phisical Characteristics

Configuration

Overall dimensions

Mass

Moment of inertia

First natural frequency

Power consumption

Operating thermal range

. 2 Optical characteristics

type

magnification

primary parabolic mirror

secondary parabolic mirror

effective receiving area

overall optical efficiency (53

L1 1

averaged {vi

beam collimation (532 nm}

Finder telescope

GIMBALED AFOCAL COUDE' TELESCOPE
PARALLEL FINDER TELESCOPE

Heigth 157 cm
diameter: 153 cm
790 kg
AZ axis: 45 - 58 kg m?
EL axis: 23 kg m*
> 40 Hg
1000 W max
- 10 °¢ + 40 °¢C
- AFOCAL TELESCOPE
- TWO CONFOCAL PARABOLIC
MIRRORS
8 x
material aluminium
+ Ni
focal length: 800 mm
diameter 400 mm
coating * Al-enhanced
material aluminium
+ Ni
focal length: ~98.50 mm
diameter 49.25 mm
coating Al~enhanced
1100 cm®
2 nm} 72 %
sible): 72 %

80% of the energy
in 4 arcsec

FOV 3 degree
diam. 50 mm
12 x

magnif.:
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1.1.3 Mechanic and servos characteristics

Charact, range pointing accuracy velocity acceler,
static -~ dynamic max max
Axis [degree] furad] [deg/s] [deg/s%]

A Z 0 ~ 540 50 10 5

EL +- 110 50 4 2

1.1.4 Thermal control

- passive telescope thermal compensation in the range -20 +50 °C
- forced air circulation
- heating system

2. DESIGN

To evaluate the attitude of the design to meet the
characteristics above mentioned several analyses have been
performed. In the following sections the most significant
analyses and results of the mechanical, optical and servo system
design are presented.

2.1 Mechanical design

The mechanical and structural
design has been implemented by
means of Finite Elements
Analysis. The most important
components have been analysed

and a trade off among the best o
sclutions was made. In the t} ;
fig. 1 the general section of N
the instrument is shown, ~§§m:m

In this paragraph are :ﬁiﬁx
presented, as example, the ﬁif“
results about the static load ' i
analysis of one important ot »
component: the Primary Mirror. et R D ] 1

] |
. : T @ ; 1} i

2.1.1 Primary Mirror = | 7 .

The Primary Mirror g ¥
characteristics are directly “ 4l
related to the optical N
performances of the whole T
Telescope. So that a big ! %

effort in the design of this
components was made, in order to

1 « Section view

YT,

S,
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maintain the deformations of the mirror surface within the range
inposed by the optical design ()\/10).

The desigr of the mirror had to take in account the following
basic requirements:

- minimize the effects of thermal expansion on the optical
performances;
- use of a material with good optical stability.

A pure aluminium (at 99.5 %) mirror meets as well as possible
these requirements.

The special mirror fixture guarantees that +the stresses
induced by the structure are not transmitted to the mirror.

2.1.2 Mechanical analysis results

The figure 2 a) and b) shows the mirror surface for twoe static
lecad conditions: Telescope vertically and horizontally
positioned, (i.e. mirror horizontally and vertically).

The deformation RMS values, for the two load conditions, are
contained in about A/40,

/'W T
e —
% —_\‘\—/\}-\l
J"w-—/'z.;::-::;;.u:-m/&\‘\_,\:j-\‘-.

1S e
e \\\J,wq N

RMS DEFORMATION VALUE OF THE MNIRROR SURFACE (DEPURATED GF
RME BEFORMATION VALUE OF THE MIRROR SURFACE {DEPURATED OF
SOLIT HOTATIONS AKD TRANSLATIONS) = i1.&8 ne SOLID ROTATIONS AND THANSLATIONS) = 3.8 nw

(a) {b)

Fig.2 - Primary mirror: constant deformation curves fnm]}

2.2 Optical design

The Telescope, from the optical point of view, consists of two
aluminium confocal parabolic mirrors arranged 1in the afocal
configuration with magnification 8x (see par. 1.1.2 and fig.3).
The Coude’ path,that interfaces directly the laser of the

341



any eventual loss of
the afocality condition.
All the optical components of

eliminate

the telescope present an
enhanced surface coating in
order to increase, as much as

possible, the optical efficiency
at 532 nm (wave lenght of the
laser}.

The optical path is completly

sealed and the entrance window

is tilted to avoid

retroreflections.

2.2.1 Optical analvsis
results

In the following fig.4 are
shown the Diffraction Encircled
Energy Function and the relative
spot diagram. It can be seen
that the requirement of 80 % of
the energy in 4 arc-sec (see
par.1.1.2}) is satisfated with
good margin.

This results
maintained stable within A/10.
mechanical
compliant with this requirement.

Fig.3 -~ Optical overall

are valid if the mirrors are
We note that the results of

analysis on the primary mirror (see par. 2.1.1) are
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2.3 Servo-system design

The instrument actuating system consist of two

closed

servos one for each axis (elevation and azimuth).

view

manufactured and
the

loops

e TR

S -
T PRt



To achieve the required accuracy (see par. 1.1.3) each axis
utilizes one motor (pancake type, brushless) and two angular
transducers. Motors and transducers work directly on the own
axis, without any mechanical reduction in order to avoid
backlash, The couple of transducers consists of one resolver
(accuracy 1 arc-min) and one inductosyn (accuracy 1 arc-sec). The
coarse transducer {resolver) avoids ambiguity in the
intrpretation of the signal of the inductosyn in the revolution.
The two loops are controlled by means of a microcontroller that
interface the main computer of the station.

3, CONCLUSIONS

The principal choices of the above described telescope design
could be resumed as follow:

a- parabeolic aluminium mirrors (primary and secondary) in
confocal configuration supported by an aluminium alloy structure
in such a way to minimize the thermal effects on the optical
quality. 80 that an active thermal control has not been
necessary;

b- motors that lead directly the axis and inductosyn angular
transducers, for controlling the axis with the required accuracy.

The finite element analysis performed on the instrument shows
the wvalidity of the design: the deformations of the primary
mirror surface and of the structure do not reach wvalues that
could compromise the optical results. Furthermore modal
analysis shows a lowest natural frequency larger than 40 Hz that
assure the stability of the instrument.

At the present, the Telescope is in the construction phase at
Officine Gallileo S.p.A. that has already reserved a special
clean room with anti-vibrating floor (5 m x 5 m) for the mounting
and testing activities.

References
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¢} The ipput and output oplical systens

The main elaments of the input system are two lenses 501 and S0Z which
are reﬁpmﬁglb;e for the initial broadening of the laser beam. This is 2 no
focus system of the Galileo telescope type of the anguiar magnification of
2,5 which provides the laser beam broadening from & mm to 10 mm. 4 shift of
the lenses raelative 1o each other produces g change in divergence within £
1 mrd. Another element iz a prism which divides the beam into two which
pass throush the windows in the ome to the Couds systien
end the telescope whick in this trenzmitting
telescope. In this phase the negs 25 the beams and
cauges thelr grezter divergence. the satellite image
foliow the same optical path but ection up to the mirror
L1
Thers ihey are reflected and pass through & focusing and correcting leanse
52 onto & bea m*5p11+ter The besm-spiitter deflects the lsser part in
perpendicvler to-the diaphrags and photomeltiplier and lets the watellite
image into a conirol eyepiece with & ficusing plate with a cross. In this
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fehia S 2% & receiver and coniroller
43 Adjustment syston
Adjusiment of the telezcope wi:z bn# Cauum system 12t performed using

tevelling instrumeat conectod wit Ilimator.
Adjustment of the workin e i th the heip of four
dlements mounted in lar to a eall between the lenses 50;
aud BCZ which provide preliminary broadening of the beam. These four
Biamenls are beap spiitter I, & neutral filter ¥, ]
5 arovod glass ¥. The beam eplitter X1 used in
r ad by nectral X2 during ranging laser operation.
T putl, wutput and adjustment syslems are shown in Fig 4.
B tics of the ranging lazer station has been designed and worked out st
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centrol system is composed of the following elements:

CPU charts based on & processor Z80E6 ¥Hz, inciuvding 258 kB memory

U chart based on the same processor or a single microcomputer;tree
ial interface

interface of the assembly coatrol whick includes:

digital to analog convertes (12 bit) for setting the velocity of

catellite motion .
two-direction counters for continuous assembly coatrol
tection of direction of motion

£

a systew for det
an absulute reset systen
coulrol progrems, programs for correcting the pocitions in the axes
and H and programs for calculating the transversal correction
cilock and chroasograph interface including:
o

ck driven by an external frequency of 5¥Hz supplied by the
vency standard

a chronograph able to record time moments with an accuracy to 100 os

counters for the system gypchropization

control progran-and prograw caloulating the Toagitudinal ¢orrection
counter interfasce including’

d ils block diagram in shawsn

T
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- the systew anabling reading the counter data

- optional systems gensrating 2 gate and a window

- control program.
A1l thrae CPU charis are coupled via & special fast data bus for
transfering dats and programs. This but is also comnnected with a CPU chart
"Superviser® which controls the work of the cther charts as well as the
operation of all upits in the system. In the case of the systenm failure
this chert is respomsible for intermediate data storage. The chart of the
interface with an external computer ic used to connect an extermal computer
which calculated the ephemeris and stores all observations. This chart may
by replaced with a series treaunsmwission line RE-Z232Z.
An observer controlliing ihe assenmbly will be eguipped with a throttle lever
(joystick? to correct the positions and a projectior displaying the present
state uf the system
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GENERAL SPECIFICATIONS OF THE MOBILE LASER SYSTEM:

*********************************************************************
* Very compact
* Easy to transport by plane or car

* Weight: 200 Kg maximum packaged in containers of 40 Kg max.

*

Very reliable, especially the laser system (In design actually to
Quantel,...)

* Operational cost weak

======>lwo technicians only to operate.

*

Accuracy at the centimeter level
* Capability to track a satellite very close of the zenith.

Particularly TOPEX-POSEIDON at an elevation of 89 Deg with an azimuth
speed of 50 Deg/sec during some second of time.

*Operating date predicted: Early 92 forTOPEX-POSEIDON launch




LASER EMITTER SPECIFICATION

EEE R EELEEEETEELEEEEEE EE T RN

MANUFACTURER: QUANTEL FRANCE
-ND-YAG LASER IN ACTIVE-ACTIVE MODE
-ONE DOUBLE PASS AMPLIFIER
-ENERGY PER SHOT: 100 milli Joules at 1064 nm
-REPETITION RATE: 10 HZ
-Pulse Width: 200 ps to 300 ps with a 7 % stability
-Cooling System: Air water exchanger
Operating temperature: -10 deg ¢ to 35 deg ¢
-Total Weight not exceeding 37 Kilogrammes.
-Packaging in two pieces: *The head

*The power supply

COMPACT LASER HEAD:

ok ook ook ko sRe sk ook kool sk ko sk ki sk sk ke e ok

Composition of the laser head:

-Optical components fixed on a carbon fiber bench

and included in a presssurized enclosure.
-Oscillator cavity

-One double pass amplifier

OCA/CERGA-Station Laser satellites ~ Observatoire du Calern-Grasse-France



-No harmonic generator for doubling frequency to

the green color

-Cooling system and capacitors banks are fixed
Just under the bench.

-Rotating contacts for electrical connections with the
rmount.

-Size of this head:

-1.00 m by 0.30 m for the bench by
itself

-0.700 m by 0.30 m for the capacitors
and cooling system under.

Weight: no more than 25 Kg

Mipain Pockelg T .

o EERE 1= TN

tasdulateyr cegs

Dosble pagy

S =~ e s 'y e

Compact laser bench(Project)
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POWER SUPPLY OF THE LLASER:

-Fully designed in order to minimize the size, the reliability and
the weight .

-Size: typically 40 liter
040 m by 0.40 m by 0.30 m

-TOTAL WEIGHT: 15 KG

RECEIVING DEVICES, DETECTION PACKAGE

3 s 3k e sk sk ok ok ke sk ok s ok e sk ok oo s ok o s ke ohe ok ol ok sk ok e s ok sl skl she sk ke s sk ek

*DIAMETER OF THE RECEIVING OPTIC: 20 Centimeters

*Infrared detector: Avalanche photodiode in test actually at the Cerga LLR
station but very promising in term of link budget.

-The emitted energy is twice.
-Atmosphere transmission better
-Quantum efficiency of the detector at least 50 % instead 20%

-Very interesting cost

MOUNT:

Rkl

*In design actually in the swiss company KERN on the base of an existing
electronic theodolite,

*Especially designed to be operated in the land.
WEIGHT



RELIABILITY

STURDINESS

*MAXIMUM SPEED DURING THE TRACKING: 60 DEG/SEC
in order to calibrate oceanographic satellites

*VERY GOOD TRACKING ACCURACY( Some arc seconds)

*SUITABLE FOR ACCEPT THE RECEIVING SYSTEM WHITH A TOTAL
WEIGHT OF 6 KG.

SOFTWARE:

sefeleteiekskskololekekelok

BASE: The packages of the Grasse station
IMPROVMENTS: Automatisation and communications links

Multi-satellite satellite tracking: capability of moving from a
satellite to an another very quikly.



Satellite Laser Radar Electronics
Based on IBM PC Computer

Miroslav Cech, Antonin Novotny
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115 19 Prague I, Biehovd 7
Tel.: +42 2 848840, telex 121 254 FIFI C

Abstract

This paper deals with fully computer controlled system for satellite laser
radar operation. The system is based on IBM PC/AT compu ter, microproces-
sors controlled compact laser radar electronics (LRE IH) and corresponding
software package for IBM PC and LRE Il (firmware in EPROMs of LRE
HI). The software package, hardware and firmware of LRE III has a modular
design. The system has been installed in Helwan, Egypt, and it’s used for full
blind tracking and sateliite laser ranging from August 1989.

1 Introduction

The development of the computer controlled laser radar for the Helwan satellite laser
radar station started in 1979. The satellite position prediction, satellite laser radar
control and ranging data analysis, software package was developed for HP 2100 and
HP 1000 computers [1}.

The satellite laser radar in Helwan has been operating from 1981 with full com-
puter control without visual checking of tracking. The experimental radar in Helwan
has been continuously improved including software package [4], [5], [6], [7], [8].

In the period 1987-1989 the satellite position prediction and ranging data analy-
sis programs were improved and were implemented on IBM PC/AT, the world-wide
used computer. The developed compact laser radar control electronics LRE 111 and
control software has been installed in Helwan SLR at the beginning of August 1989.
The control system based on Hewlett-Packard computer was completely removed.
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2 Hardware Configuration of the Control Sys-
tem

2.1 IBM PC/AT Computer System

2.1.1 The computer consists of:
2.64 MB RAM, 40 MB hard disc, 2 floppy drives 5.25"; 1.2 MB/360 kB, math
co-processor INTEL 80287, graphic adapter, EGA/VGA color monitor, 2 serial/1
parallel ports, mouse, internal async. modem 1200 Bd
2.1.2 The computer system is attached to:

¢ LRE III electronics

¢ printer Epson LQ 850

o FACIT paper tape puncher (for telex)

2.2 Laser Radar Electronics LRE III

The LRE III is based on three INTEL 8080 microprocessors with 30 kB firmware
stored in EPROMSs. These control routines were written in € language and ASSEM-
BLER language. All the commands are sent from PC/AT as ASCII characters (2
letters & number, for example command LF4 sets laser period 400 ms).
2.2.1 The LRE III consists of:

e 1 equipment mainframe with power supplies (dimensions: 50 x 40 x 40 crm)

* 5 printed circuit boards connected by modified multibus on the backplane

¢ I/0O ports on the front panel

2.2.2 The LRE IIl is attached to:
¢ IBM PC/AT using serial port 9600 Bd

s step motor drivers — azimuth & elevation
¢ time interval counter HP 5370B, IEEE 488 interface & arming signal

¢ laser transmitter (iaser tngger Iaser epoch [start])

. recelvmg electronlcs (PMT gate)
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e station clock (time setting in LRE III, LORAN C timing)

& $ensors on various laser radar parts

2.2.3 LRE III parameters

¢ Time gate: 100 ns - 1 s with the resolution 100 ns
¢ Time window of PMT: 100 ns — 1 ms with the resolution 100 ns

o Time epoch of ranging: the precision is determined by external 10 MHz
frequency standard; time resolution is 100 ns

¢ Step motor controller:

* Independent control of two axes (100 ms interval)
* Smooth movement between positions

* No overshoot

* Manual pointing movement

* Velocity, acceleration and resonant frequencies are soft programmable in
100 ms sieps

¢ Laser trigger period: 100 ms - 1s, with the resolution 100 ms

2.2.4 LRE Ill commands (I/O serial port)

¢ Satellite tracking commands:
* Calibration, satellite ranging
¢ Time epoch commands:

% Time set, set input multiplexer for time, read time of external event, read
internal current time

¢ Step motor commands:

* Motor clear, set and read motor position, move to absolute and relative
coordinates, manual move, set maximal velocity, update acceleration and
resonance frequency table

¢ Counter commands:

% Send-counter-commands, counter initialization; set:-time pause-between
commands, set clear command for counter, read counter data
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¢ Time gate commands:
* Set gate window and delay
¢ Miscellaneous commands:

* Set default parameters, set laser trigger period, laser trigger ON/OFF,
PMT (photomultiplier) enable/disable

3 Software Package

The satellite laser radar software package includes;

o The system of programs for satellite position prediction and ranging data
analysis written in FORTRAN 77, independent on hardware of a satellite
laser ranging station and running on any IBM PC compatible .

o The programs for control of satellite laser radar ranging activities written in
C language.

¢ Firmware routines at LRE I written in C language and ASSEMBLER.

e General programs for IBM PC: Compilers, editors, word processors, commu-
nication programs, utilities.

3.1 Satellite position prediction

AIMLASER program is based on the SAQ algorithm [2] and the Royal Greenwich
Observatory implementation. ORBIT program is the modification of the CSR. of
the University of Texas algorithm based on the integration of range/rate vectors [3].
Both mentioned programs compute the geocentric position (z,y, ) of satellites dur-
ing the pass in 1 minute interval. The computed results are used for:

e satellite ranging data analysis,

e interpolation for 1 second intervals (geocentric position is converted into topocen-
tric for mount position control).

Performance f

e Accuracy: LAGEOS - better than 0.5 arcrain /1 ps,
low orbit satellites ~ 1 arcmin / 2 us

60



3.2

Radar control

The control programs consists of programs running on PC/AT and firmware routines
(2.2.4) running on three microprocessors of the LRE III.
The control programs in IBM PC are:

L]

MOUNT - absolute and relative mount movement, setting and reading of
the mount position,

TIME — internal time setting and reading, checking of time functions of LRE
11,

RCAL -— radar calibration program,

* creates histogram of calibration,

* computes mean and sigma of the calibration,
SMP — satellite laser ranging program,
* on-line color graphic display |

* on-line correction of the azimuth, elevation, tracking time delay and time
window,

* the possibility of the stars tracking for the service purpose

* the area selecting of valid points on the graphic screen by a mouse,

STARS — stars position calculation, tracking data preparing for SMP pro-
gram),

FVT — receiver field of view test, graphic output,

LORAN — time base correction program.

The LRE 111 commands are described 1n 2.2.4.

3.3

Ranging Data Analysis

The ranging data are evaluated in Station. The analysis sofiware has been peri-
odically updated since 1981 {1}, [4). The last version of these programs (1988) on
HP1000 computer has been implemented on IBM PC/AT [3].

The analysis of results is based on calculating range residuals, i.e. the differences
between observed and predicted ranges. The main feature of the analysis software

are:

e running on any IBM PC compatlble with the ment}oned hardwa:e specifica-

tion;
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¢ complete ranging data analysis in SLR Station;

® noise rejection;

s ranging jitter evaluation;

e ranging data corrections corresponding to used instruments;

e processing of multipulse character of laser ranging data:

3.4 Ranging data transmission

¢ The quick-look data:

* by telex (Facit puncher)

* by telephone (internal modem card)
¢ Full data rate (MERIT2 format):

* by mail disketies

4 Conclusion

This article describes compact, ineexpensive and reliable SLR control hardware and
the SLR software suitable for transportable Stations.

The software package may be used on generally spread computers in present
time, i.e. IBM PC compatibles. It may be easily installed at any satellite laser
ranging facilities. The LRE I1II laser radar electronics, because of its conception of
microprocessor controlling, may be also modified for any hardware configuration of
a SLR station.

The system is used in SLR Helwan, Egypt. During the period August—October
1989 more then 200 passes of the satellites were succesfully measured.
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THE DILUTION OF PRECISION (DOP) TECHNIQUER

Alberto Cenci, Marco Fermi, Cecilia Sciarretta
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Alegsandro Caporali
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Abstract

Instrumental reeolution in laser ranging is still unmatched by
dynamical models of the range data. But even if one had a
"perfect” model of the cbservations, etill the recovery of the
station coordinates would depend on the data set and on the
detalle of the eptimation algorithm. It hsas become somewhat
customary to judge a data set on the basis of the number of
rasses. We argue that this criterion is unreliable and may be
misleading. We rather suggest that purely geometrical
concepts, such us the dilution of preciesion, are much more
reliable indicators of +the "robustness” of a data set. The
computational overhead is negligible even with the limited
computing resgources avalilable at a moblle gite, We analvse
the dilution of precision in & number of actual occupations of
mocbile sites during the Wegener 1987 campaign finding that 40-
50 passes, if well dietributed in the sky, are a lower limit
for a data set, 1in the sense that the dilution of precision
can etill esignificantly decrease &8 more passes are added.
Simulations are reported indicating that the determination of
height with centimetric accuracy may require a substantially
longer stay time.

INTRODUCTION

The 1intrinsic precision of Satellite Laser Ranging (SLR)
measurementsg is only a necessary, certainly unsufficent
condition for an accurate estimation of s8tation coordinates,
Earth rotation parameters and orbit perturbations. Especially

data set be such that the station coordinates can, though not
always will, be recovered with an accuracy matching the
precision of the ranging data. It is very sad to discover “a
posteriori” that s mobile station has acguired to few passes,
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gite.

Although it is clearly impossidble to full process the data in
real time at the cobserving site, we think it should be
poseible to do at the station, in nearly real time, simple
calculations which can at least give an idea if the acquired
get, of paseges is adeguate for the scientific analysis.

For these reasons we have done a number of occupation atudies
and developed means to quantify the information content of a
data set for a given station. In the following we will examine
two simple algorithms: one is based on the calculation of the
Dilution of Precision (DOP), defined as the square root of the
sum of the variances od the station coordinates of one station
as a function of the set of passes. The larger the DOF, the
weacker the geometry and viceversa. The second algorithm is
bagsed on a sequential correction of station coordinates and
orbit {(in the sense of range and time bilases). Using simulated
data, thus free of model errore, we shall examine the recovery
of known coordinate offsets, as passes are sequentially
acquired. In this connection we discuge on computationally
simple algorithms, such as Kalman filters, to be used at the
station for a "quick look” data analyseis.

DOP, SKY COVERAGE AND STAY-TIME

Figures 1 and ¢ {from Cenci et al., 1988) refer to the
WEGENEE 1887 campaign and give an excellent example of two
limit situations. The Roumell site has a peculisr sky
coverage: nearly all passes are aligned in the same direction
and moet are at a low-mid elevation above the horizon. Had the
effective number of passes be one half of that effectively
tracked, the 8ky coverage would have become extremely poor
(figure 1.b). Inspection of the plote in figure 1 leads to
some simple but meaningful consideration. First, the tendency
of the passes to have the same direction impliesg that only a
linear combination of the station latitude and lengitude can
be recovered, not boih separately. The estimated uncertainty
of a poeitional correction in the direction of the pass will,
in general, be lower than in the orthogonal direction. Thus a
data get containing many passes {in this casge 58), but nearly
all in the same direction, will 1in general be poorer than a
data get with fewer but more randomly oriented passes. The
gsecond consideration concerng the height of the gtation, which
is best determined Dby zenlthal passes. In our cases we note
that doubling the number of passes {(from one half to all)
bringe in the data set only one additional pass with elevation
greater than 60 degrees and the total number of passes above
this elevation is a modest five.

By contrast figure 2 indicates a far Dbetter sorted pass
distribution over Dyonisos during the same 1987 Campaign. The
full ‘data set containg 152 pasgeg, It is clear that the first

“better gecmetry than the full data set (figure l.a) for

Roumeli. In summary, figures 1l.a and 2.c¢ contain the same
number of pasgsges and such number is -according to common
belief- congidered acceptable and sufficent. Yet our simple



examples indicate that the two data sete are very different
from each other as to their potential for unbiased and
uncorrelated recovery of s8tation coordinates. Figure 2 also
indicates that tripling or doubling the data set at Dyoniscs
was not really worth the effcort, as most ground tracks tend to
repeat themselves, thus lowering the random nolee but not
removing systematicse due to pass geometry. A longer occupation
would instead have been beneficial to Roumeli, for reagons
diacusesed above,

If the number of passes alone is by itself a not too reliable
indicator of the "robustness” of the associated sclution for
station cocrdinates, we need scme more informative parameter.
We have identified the dilution of precislon (DOF) as a better
criterion than the pass number for assessing the geodetic
potentlal of a data set for a given station. DOP is simply the
square root o©f the trace of the variances of the station
coordinates. Thus DOP i the factor by which the nominal
precision of the ranging measurements is multiplied to obtain
the 1 sigma spherical error. To compute the DOP one has to
accumulate the partial derivatives of the range relative to

the three coordinates, generate a 3x3 matrix by multiplication

of a 3xn matrix of the partials and its transposed (n being
the number of accumulated data points), invert the matrix and
compute the square root of the trace. Although this
calculation 1is not as immediate as counting the number of
passes, it is a very straightforward Dby-product of the off-
line software at the station and thus can be easily
implemented and operated.

Figure 3 givezs the plot of the DOP of each mobile WEGENER
station in the 1987 Campaign as a function of the passes. The
plots clearly indicate +that the 40-50 passes figure only
defines a minimum requirement for stay time, at least from the
point of wview of the formal error. It rather appears that a
safer figure 1is 100 or more passes, a reglon where the DOP
curve has lost most of its slope.

MONITORING SEQUENTIAL UPDATES OF STATION COORDINATES

The calculation of the dilution of precision outlined in the
previous gection is useful in the gense of an egtimate of
the formal error. It does not tell whether the solution for
the gtation c¢oordinates, &as the paeses are acquired, will
eventually stabillize at an unblased value., Even detatiled
analyses using full-size kinematical and dynanmical models of
the range data cannot gilve an answer to such gqueetion with a
confidence better than % 5 rms {(this is the typical noise of
the post-fit range residuals, mostly systematic and with non
Zzerc mean on a pass-by-pass basis). This fact is simply a
consequence of model uncertainties. However one can simulate
range obsgervatione with & known model from a station with
assigned coordinates, process the simulated data introducing
how the tftrue coordinatesg and orbit biases are recovered, as
passeg are accumulated. Figures 4 and 5 show the result of
such simulation where the range data have been simulated for
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simulated data have been processed asgsuning an offset of 30
mas (1 mas = 0".001) in latitude and longitude and 1 m in
height, relative to the coordinates used to generate the
simulated data. The LAGEOS ephemeris used in the analysis
phase was time-biased of I meec relative to that uged in data
generation mode. The solve for parameter set congists of the
three station coerdinates, & range bias (no offeet) and & time
bias. All day and night time passes above 20 degrees elevation
are used 1o egiimate the eolve for parameters weing an
adaptive Ralman filter, in the sense of Jazwinski (1870)
(eee also Schutz et al., 1975,1978 and Wakker and Ambrosius,
1882). The updated values of the parameters were back
substituted every three hours.

Figures 4 and 5 depict the recovery of the five parameters,

Figure 4.a shows the convergence of the post-fit residusis to
zerc as the model parameters are sequentially updated. Figure
4.b indicates that the 1 meec time biae is almost immediately
recognised by the filter and compensated to zero in a few days
of tracking. Figure 5.a containe a comparison of the egtimates
of height and range bias. Initially the two guantities are
strongly correlated, due to insufficent geometry. Then, as
nore passes are acquired, they decouple and converge to the
known valueg of 0.00 mand 1.90 m for range bias and height
respectively. Finally, figure 5.b shows the recovery of the
known offgets (30 mas) in latitude and longitude. Note the
greater ‘“speed” of latitude convergence, due to the highly
inclined LAGEOS orbit. Note also that latitude and longitude
offsets can be recovered considerably faster than height. The
40-50 passes lower limit predicted by locking at the DOP is
then confirmed for planar coordinates but apreareg marginal, in
most cases unadequate, for the recovery of height.

CONCLUSICN

The minimum data set for station rogltioning should contain at
least 40-50 passes, yet a deeper analysis must be done to

verify that the overall geometry is adequate. Having in mind

the minimum stay time of a mobile laser station, we have
investigated two types of calculations eimple enough to be
done off line on the local computer. One is the DOP, that is
the geometrical scale factor for the formal error in rosition.
The gecond is the s8sequential updating of the satation
coordinates using a simple FKalman filter and a five parameter
model. This last approach in particular indicates that a
reliable estimate of the height of the station will reguire
about twice ag many passes as those required for latitude and
longitude
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Figure captions

figure 1: sky coverage over Roumelili according to different
partitions of the data set.

figure 2: same as figure 1 for the Dyonisos station.

figure 3: decrease of the formal error in peogitioning for
various WEGENEERE 18987 sites occupied by mobile laser syatemns,
as pagges are acquired.

figure 4: range residuals (a) and time bias recovery (b) using
simuiatgd range data for a total of one month.

figure 5: recovery of height and range bias (a) and latitude
and longitude (b) as LAGEQS passes are acquired,
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Abstract

The Satellite Laser Ranging Station at Borowiec is operating
from May, 1988. The software system of the station is
described. System is divided on four main parts; prediction,
real time, data analysis and handling, and stars programs. [t
gives possibility for full blind tracking. Hardware that
affects programming is outlined.
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1. Introduction.

This paper describes BORLAS, satellite laser ranging software
used at Astronomical Latitude Observatory in Borowiec. The
system consist of several programs which run on minicomputer
MERA-40@. Minicomputer has 128k-16 bits words memory. The
Real-time, Multitask, Multiuser SOM-3M operating system is
used to execute the tasks. Programs have been written in
FORTRAN-IV and Assembler. All programs and subroutines were
written by Borowiec laser group. The programs are divided into
catalogue type programs, real-time programs and programs used
before and after satellite pass. Overall view of hardware of
the system is shown in Fig.l. Description of the system is

presented in the papers; Schillak, 1889, 1) and 2).
Minicomputer MERA-400 is connected with the gystem through the
Pl interface.

Inputs to the computer:

~ gwunt azimuth and altitude positions from encoders
(-0, 2005), +

- ranges from the time interval counter (-150 ps),

-~ epochs from lgser clock (~1 ug),

— actual time (~1 ms).

Outputs from the computer:

-~ mount azimuth and altitude to motors,

— firing start to laser,

- range gate to time interval counter.

Software of the system is presented in Fig.2.

. Catalogue programs.

a) KEL - orbital elements catalogue.

Program has the following commands for operations on the
catalogue: read in orbital elements in SAQO format from telex
and write them intc the disk to the elements file (once per

week), calculate the matrix of long-periodic lunisolar and
tidal perturbations for next 1@ days and write them to
elements file (once per week), list of head-lines of elements

catalogue, delete elements set, display or print elements set,
operaticons on subcatalogue of satellites.

b) KEF -~ ephemeris catalogue.

This program gives possibility to realize operations with
scheduled head-lines and ephemeris file. The routine performs
the following commands: list head-lines of schedule and
ephemerides, delete ephemeris, display or print ephemeris with
arbitrary step, calculate ephemeris for LASSO experiment.

c) KOB - observation catalogue,

This program is used for operations on observations data and
pre—-processing of the results. It has the following main
commands: copy the results of the pass, initial filtering of
the pass, plot residuals, input time correction of laser clock




pass, display of residuals, eliminate erronecus points,
operations on subcatalogue of stations.

d) KKA ~ calibration catalogue.

Program KKA is designed for operations on calibration file and
its head-lines. The commands are similar to the KOB program
and also perform operations described in KAL program.

e) LOG - reports catalogue.

The short program for displaying or printing of one page of
the main parameters and additiconal information about the
satellite pass,

f} KBO - clean range data catalogue.

This is special program for handling of the results of
satellite passes. The head-lines and range data are written in
the format which gives possibility for transformation to
gquick~look SAO format and MERIT-2 full rate format. The main
commands of this program are as follows: write range data in
the new format from observation file, calibration file and
reports file, punch the telex tape in quick-look format, write
to magnetic tape results in the full rate MERIT-2 format,

write results to the observation file for use them by other
Borowiec programs.

3. Prediction Programs.

a) PRCO - schedule calculation program.

This routine calculates time of the beginning of satellite
passes, maximum altitude, minimum range and duration of the
pass for the introduced minimum satellite altitude of
arbitrary station. It enables the setting-up of the daily
passes or night passes only. including information about
beginning and end of the Earth's shadow. Program have three
modes of operation: 1) write all satellites to KEF catalogue
on the disk in time order, 2} print all! passes of one
satellite (long-period schedule, once per half vear), 32) print
daily schedule for all satellites (once per week). :

b) EFE - ephemerides calculation program.

Calculates for one second step azimuth, altitude and range

from the KEF data up to 1@ ephemerides and writes the results

into the disk (once per day).

Program EFE performs the following operations:

~ read in from KEF file previous data calculated by PRO
program,

— calculate secular Earth gravitational field perturbations on
the basis of elements set,

- calculate semi~major axis from the perturbed mean motion,

— calculate the matrix of short-periodic tesseral harmonics
perturbations of the degree and order up to 6x6 for the
entire pass (11 valuesz),

- calculate 1ong perzodlc - Earth gravntatzonal_””field
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perturbations on the basis of elements set,
~ calculate short-periodic 32 perturbations,

— interpolate luni-~solar perturbations,

- interpolate the tesseral perturbations,

— calculate satellite rectangular coordinates,

-~ calculate station rectangular coordinates,

— calculate range, azimuth and altitude of a satellite,

- correct the altitude for refraction,

— write epochs, ranges, azimuths and altitudes into the disk
in ephemeris file. ' '

4. Real-Time Programs.

a) STE — main gsatellite tracking program.

Program performs the following sequences of operations,

initial part:

— read ephemeris for a given pass from ephemeris file,

- display satellite tracking and calibration parameters for
acceptance by operator, change the parameters if necessary,

-~ change azimuth and altitude to mount coordinates including
mount model errors,

—~ read 1n weather parameters,

— start calibration subroutine,

*— read ephemeris point,

— display information about satellite pass,

— write range gate to the time interval counter,

- wWrite mount position to motors and check it with mount
position from encoders (10Q ms before start),

- wait, if the current time is less than the prediction time.

Main loop:

-~ fire the laser,

— read mount position from encoders,

-~ read epoch from laser clock,

— read range from the time interval counter,

- calculate and display residuals and actual mount position,

— Wwrite epoch., range, azimuth and altitude to the observation
file on the disk, o o ' o

— check of the last point of ephemeris,

**— read next ephemeris point,

— compute crosgss correction if necessary.

— check of the pointing posgibility to the next position
(zenith part), if not go to *x,

— calculate and write range gate to the time interval counter,

~ write mount position to motors and check it with mount
position from encoderz (100 ms before start),

~ read commands from keyboard,
wait, if the current time is less than the prediction time.

The list of available commands for parameters change and

control of the sgystem work in the real-time cycle is as

follows: atart to fire laser, stop laser firing., input azimuth

correction, input altitude correction, input cross correction,

input epoch correctzon Cupmto 38 smec). 1nput new. repetltlon
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rate (max. 1Hz), input new range gate window, wait for

operator decision (the next start will be 20 sec after

operator’'s command from the point designed by *), absolute end

of the pass.

The last part of the program STE:

- Write head-line of the pass to the disk,

— read in weather parameters,

- start calibration subroutine,

— wWrite parameters and information about the pass to the LOG
file.

b} KAL ~ calibration program.

Program performs up to 1@ calibrations to the ground targets.
Program KAL has similar main loop as STE routine. Loop is
realized up to the moment when assumed number of good
measurements is obtained. The same commands are also available
from keyboard without corrections in mount position and time,
but with possibility to change the number of shots and value
of system delay.

After calibration program performs the following operations:
calculate the mean calibration and its standard deviation,
display histogram of residuals, eliminate erroneous points,
calculate calibration correction, write additional data to the
head line of calibration file.

¢) MON - mount pointing program.

This program drives the mount under computer control. Program
inciudes mount model errors. It has several main modes of
operation: pointing to ground target No 1 (1295.42 m),.
pointing to ground target No 2 (302.9¢ m), pointing to the
under roof position, directs the mount to the input azimuth
and altitude position, changes position of the mount for
arbitrary step in azimuth and altitude,

5. Data Analysis Programs.

a) FIT - main filtering program.

This program is used when number of noise points is bigger
than normally. It giveg the possibility to reject erroneous
points in the range of -50 cm from residuals curve (Offierski,
1986, 2)).

b) EPA -~ data analysis program (Schillak, 1982).

The routine EPA iz used after satellite pass for data
pProcessing. Program performs the following sequences of
operations: read in of data set from observation file,
calculate time bias and range bias, plot the residuals,
compute polynomial fit and standard deviation of the pass,
display histogram of residuals, eliminate erroneous points,
write accepted results to the observation file.
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6. Star Programs.

a) ROZ - distribution of stars.

Program calculates azimuth and altitude of stars from STAR
catalogue {3086 stars from FK-4 catalogue). Stars are
distributed in four ranges of azimuth and eight ranges of
altitude. This program is used for control of the mount
pointing and mount model errors determination. The accuracy of
atar position is about 1 arcsec.

b) MOD ~ determination of mount model errors.

Program is used for mount model! parameters determination
immediately after stars observations. From readings of the
positions of the mount and computations of azimuth and
altitude, 7 parameters are calculated by the iteration, using
least squares method. Accuracy of the unt pogition after
including this parameters is equal to -1@ arcsec. Program
determines the following parameters: correction of azimuth
zero point, correction of altitude zero point, tilt of basic
plane x and y, inclination of altitude axis, flexure of the
telescope tube, collimation of optical axis.

7. Conclusions.

After two vears of systematical satellite ranging the BORLAS
software system described above showed very good usefulness in
practice and easy for operators. In connection with future
planned third generation system, real-time programs will be
changed to the new multi-processor system. Other programs will
be rewritten for IBM PC/AT microcomputer in C language but
idea of the system will be this same.
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Predictions for ERS~—1

Rolf Kénig
Deutsches Geodidtisches Forschungsinstitul, Abt.l (DGFI)
Marstatiplatz 8
D-8000 Minchen 22

presented al the
7ih International Workshop on Laser Ranging Instrumentation
Oclober 2-6, 1989
Matera, Haiy

Abstract

For the ERS-1 mission. orbit predictions shail be forwarded to the Laser tracking stalions
and to the PRARE system as well. Form and generation of the predictions are described.
Also attention is paid to the accuracy of the various Iypes of predictions.
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. Introduction

ERS-1 is the [lirst European Remote Sensing salellile (o be launched in December 1990,
It will carry a radar altimeter, the PRARE {Piccisc Range and Range Rate Equipment)
space segment {WILMES, H., REIGBER. i, 1987) and a Laser retrorellector among
other instruments. The primary tracking system for precise orbil delermination will be
the ground-based Laser ftracking systems. Addilional tracking will be performed by the
PRARE experiment. To suppori the (racking aclivilies. the D-PAF (Gesman Processing
and Atrchiving Facility, DGF} being part of it and responsible lTor preeise orbit, aitimeter
products and the PRARE products) will provide the SLR {Satellite Laser Ranging} stalions
and the FRARE system with predictions of the orbi! of ERS-1.

2. Form of Predictions

The generation of orbit predictions will take place daily. For the SLR sites IRVs (Inter-
Range Veclors) and SAOQ {Smithsonian Astrophysical Observatory) elements are produced,
for the PRARE system PRARE clements. IRVs (lormat sce [i. VERMAAT E. 1985) aje
positions and velocities in the psecudo body-fived sclerence Irame. The SAO clements
(PEARLMAN, M. R. et.al., 1979} arc composcd of Brouwer mean clements, their secular
rates of change and cocllicients of long period terms in the modified cquatorial reference
frame (VEIS, G, 1963). The D-PAT oflfers diverse communication links lor data distribu~
tion such as Telex, MARK 111, SPAN or X.25 Nelwork (MULLER. H.. 1989). The pro-
cess of generaling orbit predictions is schematically shown in Fig.l.

approximation functicn
[.i. SAQ elements, PRARE ciements

discrete {rajectory points

li. 1RVs / i \ \ approvimation
errofs

prediclion

errTor

observations

differential orbil correction orbit prediction

7

Figure 1 Generation of orbil predictions



The sesult of the orbit prediction is a set of slate vecolors {positions and velocities), in
this case minulely spaced and given in the true equatorial reference frame. In order to
get IRVs, three-hourly spaced slates are selecled and transformed to the pseudo body-[i-
xed reference frame.

For the SAO elements all states of the prediciton period are transformed into the modi-
fied equatorial reference frame and converled into Kepler elements. From these oscula-
ting elements Brouwer mean elements, secular rates of change and tong period elfects
are determined (BROUWER, D., 1959; LYDDANE. R.H..1963). Then a least squares
solution is used yieiding one prediction set only.

The idea underlying the PRARE element set is quite similar to that of the SAQ elements.
That is to get a short message valid over a certain period. The states are converied into
the Keplerian typ elements a, excosv, exsinv. i, ) and w+v, where a stands for semimajor
axis, e for eccentricity, v for true anomaly, i for inclination, ©Q for longitude of ascen-
dinng node and w for argument of perigee. Also a leas! sguares solution follows leading to
the coefficients of a dedicated approximation function.
3. Generating the Prediction Message
3.1 Least squares solution for SAO elements
For input to the least squares procedure scveral obscrvations are available:

aoi‘ e{)i, ioi. ., Q{}i. MDi: (;J'E‘ Di‘ lé'l: SC‘P ﬁ‘li’ S(J)i‘ SQ§| SMi.

1

where M is mean anomaly. Index 0 refers (o Brouwer mean elements, & and {3 are se-
cular changes of perigece and node, n is thc mean motion and § indicates long period ef-
fects. Al of these quantities are derived using Brouwer’s theory. Index i covers the num-
ber of all states of the prediction period.
The SAQ elemen! message consists of the set

(1)0, (.XJ‘ Qo. Q‘ iO‘ 60‘ Mo. H, EL ]E

By «(88). B, (60). B3 ((8i). By ({8n), Bg . (Sx): k=1.3: Ang,

where the B, . are the coefficients of harmonic functions modelling long period pertur-
bations. The nonsingular Keplerian type element sel is

£ = excosw, W = exsinw, Y T wtM:
with the Tirst order approximalions
8E = Jexcosw, &n = Sexsinw, &y = dw+iM.

The applied solution can be seen from the observation equations where lhe dashed lines
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indicate separate adjustment problems:

"

SXE +

3.2 Least Squares Solution

= By ;xcosw
= By ;xcosw
= By xsinw
= By y*sinw

Bs ;*cosw

Following observations are

a o i ) xG

where

E = exgosv, 7 = exsiny,

For the PRARE
mation function
equations:

Ay * Vg, T

prediction
is needed.

+ By o sinlw
+ Bp o> sine
+ B3 prcoslw
+ By sxcoslw
+ Bg oxsinw

B, 3xcosiw
B, ;xcosiw
By 3= sinde
By 3 sindo
Beg yxcostw

for PRARE FElements

available for input:

[FIR VI

'x!

+ A*{io

message a sclution Tor the coeflicients of a special approxi-
The type of this Tunction can be seen [rom the cbservalions

ag + ;& +cos {xg + 4 %) crrew * 8in {xg + 4 ¥} Gy ren

cos2{xg * 4 %) Crrev * sin2l{xg * t; ¥) dosen
cos (t; w.) cyg + sin (t; ©.) dyg
cos2{t; w.) cog + sinZ{; w.) dog

+

+

+
E + vy, =8 + t; £+ cos
Xt ,
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where:

W, ... earth rotation rate.

The c and d coeflicients are equivalent to phase and amplitude of the adjacent harmonic

ter ms. In contrast to the SAO elements the PRARE set mainly models short period el-
fects.

4, Accuracy
4.1 Requirements

One criterion used for the accuracy of orbit predictions for Laser tracking is the ma-
ximum beam divergence of the SLR system. For instance. in case of ERS-1:

max. position error:
new Wetizell Lascr: max. 30 aresce 60 m,

old Wettzell Laser: max. 50 arcsec 100 m.

For PRARE the demands into position accuracy of the orbit predictions are less siringent
ancd are related to two limiting criteria:

criterion: max. position erros:
antenna pointing 0.5 deg 3500 m,
doppler shifted frequency 1000 Hz 3000 m.

The accuracy of the different prediction messages varies. The accuracy of IRVs is simply
that of the predicted orbit. In case of SAO elements and PRARE elements the accuracy
of the approximation has an additional impact.

4.2 Accuracy of Predicted Orbit

In order to estimate the accuracy of predicted orbits, a differential orbil correction was
applied to a STARLETTE arc, 1980, with 10 days of Laser range observations. This orbit
was considered fo be the reference orbit. A comparision with a orbit computed from the
first 5 observation days only and predicled 5 days ahead yielded a loss of accuracy in
position of ~10 m/d.

Covariance analyses and simulations for ERS-1, 3 day repeal cvele (WILMES, H. el.al.
1984) yielded a similar result of ~15 m/d. The conclusion for Laser tracking is that if
the position error would totally be distributed across-track direction the valid period of
the predictions can be 4 days. Infact normaliy the major part of the position error is an
aEeng iraci\ error. So fm Ehe m:tsaf phase of %he ERS 1 Mettsne lhe pzedlczlem shall be

terval of distribution can be mc:eased. On the other hzmd ERS-1 is a fregquently mano-
euvred spacecraft and in turn additional messages will be distributed.

389



4.3 Accuracy of Approximation

4.3.1 SAQ Elements

The least squares adjustment results in a sel of parameters and their siandard deviations,
Table 1 compiles the standard devialions of the Kepler elements for different orbits for a
fit span of three days. The standard deviations ol radial. along- and cross-track direction
and for position are derived by crror propagation.

Sa §1 Sy Sy Sm Sy 51 Sy SpPosition
{m} {arcsec) {m)
STARLETTE 1.5 0.1 0.2 3.2 57 4.13 272.40 6.49 273
ERS-1 3drc 1.44 0.2 0.1 5.2 5.2 i.44 25506 7.74 256
I5dre i.45 0.2 0.1 5.2 5.2 1.45 255.04 7.73 256
176drc t.44 0.2 0.1 5.2 52 i.44 25513 7.74 256

Table ! Standard deviations of SAO elements

The SAQO element set of the STARLETTE arc was then passed to the AIMTWO program
(a modified AIMLASER version: AIMLASER being a standard station prediction software},
The long period terms (anyway not reliable [rom a thyee days estimation) were sel (o
zero, except Ang got a proper value. For 10 Tlicticious stations, 4 al eguator, 3 at 45deg
north and 3 at 45deg south the program delivered a statistically sulficient number of
states. The comparision of positions to the original ones yielded a RMS of 249m, in good
agreement lo the above error propagation. A least sguares fit can then be used to cor-
rect the SAQ element set from these position differences. Sc with the corrected SAQ
element set (dedicated to a special type of orbit error model) the position RMS reduces
to 25m.

4.3.2 PRARE Elements

Various orbils were recovered from the PRARE element set and compared to the original
orbits. Results are compiled in Tabie 2.

position erfors over 3 days {m) required
max RMS for PRARE for Laser
STARLETTE 810 340 - 70
ERS-1 3drc 780 320 3000 60
35dre 750 330 3000 60
176dre 740 320 3000 60
LAGEQS 280 110 - 430

Table 2 Accuracy of orbil recovery

Transformation of prediction reference frames o the ferresirial reference frame are es-
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sential for sleering the Laser system. Table 3 summarizes the Tormulas lor rotation of
the respective orthonormal base vectors. It also includes some asscssments of position
errors caused by omitting certain rolations.

i) WUTI-UTCH < 6.7 s
Omission for ERS-1: < 40 m

2} Pseudo body-fixed to terrestrial
er, = Ry(-x,) Ri(-v,) ep Ixpl < 0.3 aresec, Iyl < 0.6 arcsec
Omission for ERS-1: < 3 m

3) Modified equatorial to terrestrial )
€Ty = RZ(-XP) R;(—}’p) R;(8) to with: 8 = 8@ - [, - z54 - Ay
A + 74 + Apl < 2000 arcsec until 1994
Omission for ERS-1: < 7.8 km

4} True equatorial to terresirial

Table 3 Rotations and peglects

5. Conclusions

Orbit predictions for the ERS-I mission will be generated by D-PAF and distributed to
the participating SLR stations and to the PRARE system. The prediction message for La-
sers will be given in IRVs and SAO elements. and for PRARE a special sel of PRARE
elements is chosen. The accuracy of IRVs decreases by about 15m/d in position. Accura-
cy of SAC elements is approximalely 260m in along-track direction, Bm cross-track and
Zm radial. The corrected SAQO element set for use with AIMLASER type programs shows
an approximation accuracy of better than 30m in position. By getting the predictions fwi-
ce a week the Laser stations should be able to track ERS-1. Also the accuracy of the
PRARE predictions is safely above what is required by the PRARE system.
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Tab.]
E TIME AND UENCY BYETEM AT TERA

U NTS

High short-term fregquency stability (<ix10°"
t=1000 s) is requested for the frequency
syntesis and phase delay calibration for
Very Long Baseline Interferometry (VLBI).

High long-term frequency stability (<lxio-"
t>1 day) and accurate time synchronization
(=0.5 us to UTC) are reguested to generate
the time scale for the datation of the
Satellite Laser Ranging (BLR) measurements.

GENERAL CTERIETICS

- one H~MASER frequency standard;

- two CEBIUM beam freguency standards;

- one GPB time receiver +
LORAN~C and TV-SYNC receivers;

~ three independent time-scales (+GPS);

- automated monitor and control system;

~ absolute continuity of operations;

- environment-controlled room to host the
frequency standards.

TECHNICAL CHARMCTERISTICSH

- frequency stability
(A£/f, t=1000s) < 2x10-5 (H-MASER)

- spectral purity >110 4B (1 Hz)

- time stability
(At/t, t=1 day) < 5x10-13 (CESIUM)

~ synchreonization (UTC) =100 ns (GPS)
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Frequency standards room: axonometry

CHARACTERISTICS OF THE FREQUENCY STANDARDS ROOM

- Underground room 4m x 4m x 3.4m (L x W x H) located 4m
(floor) below the equipment room

- lm air space around the room and above the ceiling

- double access door

- 1.3m x 1. 3m doukle porthole in the ceiling to accomodate
the H-MASER installation

- 2m X 2m X O.4m concrete pedestal on the floor (for H-MASER
and Cesium Beam Standards) insulated with respect to the

- Ho active air conditicning is expected in the room

Fig. 3
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MODE LOCKED SEMITRAIN LASER RANGING
DATA PROCESSING SOFTWARE

1. PROCHAZEKA

Faculty of MNuc Scd and Physdical Engineering
Czech Techndcal Undversity

115 19 Progue ,Brehova 7

Czechosbovakia

Telex 121254 4444

Phone +42 2 848840

General

The advantages of transmittion of several picosecond mode locked
pulses of fixed spacing for laser ranging has been described by [11],
[2}), [3] and others. To exploit fully these advantages the special
ranging data analysis procedure has to be applied. The final goal of
such a procedure is, along with the noise points rejection, precision
estimate evaluation and satellite ephemeris improvement, the conversion
of the results into the form of ranging results obtained using single
transmitted pulse. In contrast to the use of a full train of mode
locked pulses, the echoes corresponding to the first pulse, which is
ever triggering the flying time interval unit, is clearly remarkable
within all the echoes in this set up. This fact drastically simplifies
the ranging data analysis procedure and removes the ambiguity from the
ranging frequently critized when using the full train of pulses.

Analyais flowchart

The mode locked semitrain laser ranging data analysis procedure
is carried out in four main steps. All the ranging results {(the No. of
shot, epoch and propegation time) are stored together with the data
analysis results (O-C residuals #0, #1, #2, the weight, etc.}) in one
file, Thus, each the analysis step may be independently checked and, if
requested, redone again anytime.

An interactive graphic data editor may be used to delete or
reconsider the data points before/after each analysis step.
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Step #0 During the satellite ranging, the epoch and the propagation
time are stored together with the No. of the shot and an Observed-
Predicted propagation time values. Completing each satellite pass,
these O~C "on-line" residuals are used for obvious noise rejection.

Step #1 The initial satellite orbit prediction is matched to the
measured ranges applying the range and time biases together with the
Earth rotation correction parameter. To avoid the numerical instability
problem, an special modification of a least square procedure has been
developed. To speed up the procedure, only 30~50 points of the pass are
used for this orbital fitting procedure.

The O-C residuals #1 are plotted, the echoes corresponding to the
first peak within a semitrain are "marked". The next data analysis
steps are carried out only for the echoes corresponding to the first

peak,

Step #2 The low order polynomial fitting of the 0-C residuals #1 are
computed, the deletion criteria (2.5 sigma) is applied. The standard
iteration process is repeated until no more points are deleted and the
sigma is not decreasing more.

The plot of the O-C residuals of the Lageos peass, Oct.15,1989,
at UT 2:15 is in {1] along with the histogram of the residuals.

Step #3 The ranging data are "folded". Integer number of the laser
semitrain pulses spacing is substracted from the measured propagation
times corresponding to the second and the next peaks. On the end of
this procedure the user gets the SLR data converted to the form
identical to the form of data cbtained using a single pulse.

The steps #1 and #2 are repeated, the possible noise points are
rejected, the resulting total number of echoes and the precision
estimate is evaluated.

Computer requirements

All the programs were written in Fortran 77 with except of the
interactive graphic data editor, which was written in C and Basic
languages. The computing time to proceed one satellite pass, using an
IBM PC AT with coprocessor, is 10-30 minutes, depending on the number
of echoes and the data quality. Most of the process is running automat-
ically, only the initial noise rejection (step #0) and the first pulse
marking (step #1) may need operators interaction.

Data analysis performance

The data analysis procedure described above has been used at
the Helwan SLR in 1987 and 1988 campaigns. In fact, the leakage of the
pulse selector of the laser caused the semitrain character of the
transmitted/ received signal. In 1987 and 1988 the Univ. of Texas
analysis edited only 2.1% and 2.5% of our data, while the second pulse
contributed about 10% of energy and the same percentage of single
photon echoes. The world average of percentage edited was 9.7% and
6.9%, respectively. Since July 19838 the semitrain of 2-3 pulses has
been used. Despite the multipulse character of the transmitted signal,
only some 3% of our data were edited by GLTN g~1 data analysis, ranging



Lageos on the single photon level, the precision estimate of the system
is typ. 32mm RMS, the contribution of the semitrain is 2.6 increase of
the number of echoes per pass in comparison to a single pulse., No one
of more than 200 passes, acquired using the semitrain laser, has been
edited.
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Streak Camera Full Frame
Image Processing
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Abstract

This paper deals with computer measurement and image analyze
system for linear and circular sireak camera. The system is based on
PC/AT computer with video frame grabber and SIT or CCD TV read-
out. Full frame image processing software allows to analyze both linear
and circular sweep records even with distortion of symmetry and non-
linearity.

1 Introduction

There is a continuous effort to exploit streak camera as a laser ranging detector,
expecting millimeter precision. Modular streak camera for laser ranging both
with linear and circular sweep has been treated [1] [2].

The advantage of the linear streak is relative simple data analyze, however
the necessity of trigger delay within the range of 20-30 nsec may cause several
problems. Using. the circular streak, the main limitation is the complexity of
data analyze especially with nonsymmetry of deflection.

To solve the problem of streak camera readout, computer measurement
system and full frame image processing software has been developed.

2 Hardware Configuration

Hardware configuration of streak measurement system is on Fig. 1. Modu-
lar streak camera with linear and circular sweep is used [1]. For the linear
deflection the sweep speed is between 40 psec/mm and 400 psec/mm. For cir-
cular deflection 320 MHz RF signal is applied. Diameter of the circle is 6mm
resulting in 165 psec/mm.
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To readout streak camera the Haimann SIT or Proxicam Intensified CCD

camera 1s used. The output TV signal in connected to the video frame grabber
VFG 512/3BC in PC/AT computer. No interlaced 256 x 256 pixels 8 bits
resolution is used. This results in 2 psec/pixel to 18 psec/pixel resolution for
linear deflection and 423 psec/circle or 7.3 psec/pixel resolution for circular
deflection.

To Synchronize readout with incoming laser signal parallel port LPT1 is
used. CCD or SIT camera integrates signal over one TV frame, e.g. 20 msec.

3 Full Frame Image Processing Software

Modular software package for image processing includes:

s synchromzation of readout and laser
¢ 1mage grab, save and retrieve
e image display

~ pseudocolor map

contour map
- 3-d projection

- rows/columns
e basic image analyze and operations
e linear and median filtering
e averaging of images
¢ gain nonuniformity correction
o calibration of circular streak track
¢ fixed center analyze of circular streak track

e shifted center analyze of circular streak track

For analyze of distorted circular streak records new full frame algorithim
has been used. Cahbration of the track have to be done at the first, Fig. 3
The sweep rate is considered to be constant. For each value of time expansion ¢
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a integration hine penperdicular to track and boundary points pl and p)) are
determined at calibration time, Fig. 2. To obtain time expansion 7'(t) of
streak record following equations are used:

D%
T(1)= [ Jip) dp (1)
1
255 255 J :
Ip) =35 Wl =37 + (= 17) Iy (2)
=0 i=0
2
R . e"—*§ 1 -
W(r) _ € lf T <.t (3)
0 otherwise
Yp = €y + psin (t) (4)
Xp = ¢y + pcos (t) (5)
where:
T intensity in time eXpansion
t time
P parameter of mmtegration line
.r limits determined at calibration time
I intensity in streak record unage at pixel 1j
w weight function for interpixel calcuiation
Tp, Yp coordinates along integration line
€y, Cy coordinates of center

To improve speed of analyze, for each { a list of pixels and their weight are
calculated at calibration time, then analyze use only additions and multiplica-
tions od pixel intensity.

4 Experimental Results

The example of the circular streak record of the train of mode locked pulses and
it’s time expansion is on Fig.4. The circular streak camera range difference
jitter imit has been tested using two pulses separated by the fixed interval
100 psec. Completing statistical measurement the sweep speed and the range
difference jitter may be estimated [1]. Nonlinearity in sweep speed is caused

1
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by the higher order harmonics in driving RF deflection wave. Compensating
this effect, the range difference jitter of 6 psec corresponding 0.8 pixel has heen
achieved.
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FUTURE CONCEPTS

A summary of the discussions
held in the last technical session of the
7th International Workshop on Laser Ranging Instrumentation
held in Matera

PETER WILSON
INSTITUT FUR ANGEWANDTE GEODASIE
RICHARD STRAUSS ALLEE 11
D-6G00 FRANKFURT

The final technical session of the Workshop addressed Future Concepts. It was conducted as
a dialogue between a panel of experts and the audience, with no formal presentation of papers.
To initiate discussion during this session, a letter had been circulated to some twenty participants
before the Workshop, inviting the preparation of opinions on a number of issues considered by the
session chairman to be central (o the conceptual design of future systems. A copy of this letter is
given in the appendices. The discussions were led by the session chairman and the panel. which
comprised Peter Wilson (Session Chairman), John Degnan, Jean Gaignebet, Ben Greene. Karel
Hamal and Bob Schutz. The ensuing discussions centred on the following topics:

s operational effectivity,
s techinological criteria,
e network deficiencies,

* constraints on instrumental availability.
Due to time constraints, a final topic:
e analviicai hmitations.

recelved only scant attention during the discussions, despite the fact that the session was ox-
tended for an additional hour, to accomodate e response that had been generated.

In a summarising a session of this nature it is virtually impossible to do justice to al] the
contributions that were made. so that the following reflects only the main trends of the discussions.

Each of the foregoing topics was treated in turn. Afler a brief statement by the chairman. each
of the panel members was asked to give an opinion before the discussion was opened 1o the foor.
Thanks to the engagement of the entire audience a iively dialogue followed and each topic was
analysed critically,

On the subject of operational efficiency it became clear that significat cost reductions will resuh
from the availability of additional satellites (a point of considerable importance 1o those groups
operating mobile systemns). Furthermore, it was observed that the overall laser ranging network
efficiency s in need of considerable improvement in order to meet the requirements of the next
decade. In this period satellite laser ranging has been selecied as the primary tracking facility for
a large number of new satellites. To meet these demands it will be essential that the data LTI
around time is reduced from months to days. and that better coordination be introduced between
tracking stations with the objective of spreading the tracking load and avoiding duplication of
coverage, e. g. over Central Europe. The rapidly increasing tracking load will place heavy burdens

Typeser by AuS TeN
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on those statious capable of producing high quality date. With only very limited prospects for
increasing staff, this implies the introduction of added features to automate tracking and reduce the
burden on the operators. Many contributions were made on these earliest possible nnplementation
of software to denive field generated normal points. A resolution to this effect was passed at the
close of the Workshop.

There was recognition of the potential offered for technological improvement in response to
the scientific need. This became apparent in foregoing sessions, where the presentations on the
availability of new lasers and avalanche photo-diodes open up the possiblilities of significantiy
higher ranging accuracies and improved operational reliability. Attention was given to the non-
uniform ranging performance characteristics of the global network. Although there is a general
improvement towards a more even distribution of high quality systems ranging at the 1 10 5 am
single shot r.m.s. level, each major technological break-through leading to significant ranging
performance improvement opens up a new gap in the table of performance characteristies. I
is doubtful whether the best system performance can be exploited so fong as the majority of
the network is not operating at a correspondingly high level of accuracy. On the contrary, there
appears to be a general sensitivity in the network (curently somewhere between 2 and 4 ern), which
reflects the performance characteristics of the majority of the regularly contributing stations in it.
Furthermore, it was recognised that the majority of systems currently being operated are more
than 10 years old, and, despite ongoing up-grades, suffer from some characteristic design deficiency
which limits their ultimate perforimance. For example, the upgrading of the Moblas-type svstems
has reached will ultimately be limited by the absence of a Coude path shrough the mount. This
opened up a discussion on the desirability of introducing common design standards, and. if possible
Jomnt manufacturing of components for future systems.

Network deficiencies were discussed i terms of the inadequate distribution of stations in the
present global net. particularly the abundance of stations in Europe and the dirth of stations in
the southern himisphere. Though no selution could be found to this problem within the terms of
reference of the Workshop, it was agreed that a solution may ultimately be found by coordinating
the efforts of several of the larger agencies to establich a joint initiative for the southern hemi-
sphere. Such an activity would also serve to spread the burden of responsibilities for establishing
tracking stations in regions outside the industrially developed nations of the world. Sirnilarly, it
was recommended that efforts should be made to improve the exchange of technical know- how
between the existing groups.

"The most pressing of the analytical problems affecting ranging activities at this time is undoubt-
edly the limited accuracy to current predictions for the lower satellites and the inability to provide
orbital elements or IRVs for these sateilites for extended periods of time. This deficiency limits
the ahility of the individual tracking systems to acquire the satellite without manual intervention.
Here again there was considerable discussion and Dr. Andrew Sinclair was assigned 1he task of
proposing numerical techniques and the software solutions 1o overcome these problems. Prof. Bob
Schutz agreed to work with Dr. Sinclair on this task and it was recommended that a member of
the analytical team working at Goddard Space Flight Center should also be invited to participate.
It was requested that a first report of the working group should be presented at the meeting of
Principal Investigators to the Crustal Dynamics Project, due to be held at Goddard Space Flight
Center during the last week of October 1989, with more detailed reports to be prepared for the
following meeting of this group to be held in April 1990 at JPL. This discussion was also linked 1o
the problem of providing software for the on-site generation of normal points, where it was assumed
that special algorithms will required to perform this task for the low-flying satellites. This aspect
will also be addressed at the meeting at Goddard Space Flight Center at the end of QOctober.

Some attention was given to the necessity for check, and eventually improve the modelling of
the tropospheric refraction and to provide hetter modelling of the centre of mass correction 1o
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keep these factors in line with (or preferably even ahead of) the highest achievable ranging aceu-

racies. The need to designate an acceptable format for reporting dual (multiple) frequency range
measurements was also a topic of discussion. Here a solution was envisaged in which the curremt
MERIT-2 format would be applied separately for each of the reported frequencies. A need for dual
{multiple] frequency ranging from all stations in order to meet the increased accuracy demands
15 currently recognised, but it is considered that the ability to model tropospheric refraction wiil
uitimately be the limiting factor defining the accuracy of satellite laser ranging.

The session was finally closed by the Chairman with thanks to the Panel and to al present for
their lively and vigorous participation in the discussions.

Appendix
Notice to participants
Friday session on future concepts
The session will have no formal presentations and will be presented in the form of a panel

discussion and dialogue with the participants from the floor,

Having heard the “requirements and goals™ during the first technical discussions on Monday. it
will be desirable to use the oppartunity to exploit the mtervening exchange of information (Tuesday
to Thursday) to define the means by which we anticipate that the Tgoals and requirements” can
be met in the coming years and in improved system design.

to stimulate the discussion 1 offer some of the “weak points” on the basis of which SLR is often
criticised as a technique:

Operational effectivity
e ihe cost of operations is too high:
» observations take too long:
e the data turn-around time is too long:

e the computation of final results is too slow;

Technological criteria

» the technigue has a low reliability record:

o there is a need for higher ranging accuracy;

o network performance characteristics are not uniform:
e most systems operating today are over 10 years old;
.

Network deficiencles

o the global distribution of stations is inadequate;

v

» there is an uneven burden of responsibilities:

e there is still need for improved cooperation at the technical level
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Analytical imitations

o the gravity field is inadequately described:

* the modelling of the disturbing forzes requires improvement;

* improved ranging accuracies will bring a demand for overall model improvement;
o the modeliing of the troposphere represents a hmiting factor;

*

Constraints on instrumental availability

s a number of new satellites require tracking support now and further satellites will soon be
launched;

* a number of missions require calibration support;
e how can the overall tracking load be satisfied”

»

The Bist 15 not exhaustive. but 1 feel sure that technical innovation will make it possible to
overcome all of these difficulties. Please participate freely in the discussions.

High accuracy and lower cost per data point will ensure that we stay 11 business!

Peter Wilsan, Session Chairman
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